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Abstract 
During selenate respiration by Thauera selenatis the reduction of selenate results in the formation of 
intracellular selenium (Se) deposits that are ultimately secreted as Se-nanospheres of ~150 nm in 
diameter.  We report that the Se-nanospheres are associated with a protein of approximately 95 kDa.  
Subsequent experiments to investigate the expression and secretion profile of this protein have 
demonstrated that it is up-regulated and secreted in response to increasing selenite concentrations.  
The protein was purified from Se-nanospheres and peptide fragments from a tryptic-digest were used 
to identify the gene in the draft T. selenatis genome.  A matched open reading frame was located 
encoding a novel protein with a calculated mass of 94.5 kDa.  N-terminal sequence analysis of the 
mature protein revealed no cleavable signal peptide, suggesting that the protein is exported directly 
from the cytoplasm.  The protein has been called Se-factor A (SefA) and homologues of known 
function have not been reported previously.  The sefA gene was cloned and expressed in Escherichia 
coli and the recombinant His-tagged SefA purified.  In vivo experiments demonstrate that SefA forms 
larger (~300 nm) Se-nanospheres in E. coli when treated with selenite and these are retained within the 
cell.  In vitro assays demonstrate that the formation of Se-nanospheres upon the reduction of selenite 
by glutathione are stabilised by the presence of SefA.  The role of SefA in selenium nanosphere 
assembly has potential for exploitation in bio-nanomaterial fabrication. 
 
\bodyThe utilisation of oxygen or nitrogen oxyanions (nitrate and nitrite) as respiratory substrates presents a 
fortuitous advantage to organisms, since their respiratory products are either aqueous or gaseous and simply 
diffuse away from the cell.  However, this is not always the case.  Some micro-organisms that live in niche 
environments have adapted to utilise more unusual substrates for energy conservation, such as metal ions or 
chalcogen oxides (1).  Often the reduction of these compounds can result in the precipitation of insoluble 
products that ultimately accumulate within the cell (2).  If such compounds are to be used as respiratory 
substrates, mechanisms for the disposal of the insoluble products are essential.  A number of systems exist in 
Gram-negative bacteria for secretion out of the cell and are commonly referred to as the type 1-6 secretion 
systems (TxSS
1
).  A further mechanism for secretion of both soluble and insoluble material is the process of 
outer membrane vesiculation.  In response to stress, a section of the outer membrane forms a distinct 
spherical vesicle, composed of a lipid bilayer and encloses material exclusively from the periplasm (3, 4).  
In the present work, the process of bacterial selenate (SeO4
2-
) respiration has been used to investigate the 
mechanism of Se precipitation and secretion.  The reduction of selenate follows a sequential series of 
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twin-arginine translocation; TxSS, type 1-6 secretion systems.  
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reductive steps ultimately leading to the generation of elemental selenium (Se
0
).  Eq.1 and 2 summarise the 
overall reactions: 
SeO4 + 2e
-
 + 2H
+
  SeO3
2-
 + H2O [1] 
SeO3
2-
 + 4e
-
 + 6H
+
  Se0 + 3H2O [2] 
Thauera selenatis (a -proteobacterium) is by far the best studied selenate respiring bacterium (5-8).  The 
selenate reductase (SerABC) isolated from T. selenatis (6) is a soluble periplasmic enzyme.  The enzyme is a 
type II molybdoenzyme that comprises three subunits, SerA (96 kDa), SerB (40 kDa) and SerC (23 kDa) and 
co-ordinates molybdenum, heme (b-type) and numerous [Fe-S] centres as prosthetic constituents (9).  
SerABC contributes to proton-motive force (PMF) generation by accepting electrons from a di-heme c-type 
cytochrome (cytc4), which mediates electron flux from either a quinol-cytochrome c oxidoreductase (QCR) 
or quinol dehydrogenase (QDH).  The use of QCR ensures that selenate reduction is coupled to the Q-cycle 
mechanism providing a minimum net gain of 2q
+
/2e
-
 of proton electrochemical gradient (10).    
The resultant product from SerABC is selenite (SeO3
2-
).  The reduction of selenite in T. selenatis does not 
support growth and is not a respiratory substrate.  There has been much debate regarding the mechanisms by 
which selenite is reduced to selenium in bacterial cells.  Early reports by Macy and co-workers (11) 
implicated a nitrite reductase in the process of selenite reduction, by virtue that a non-specific mutant strain 
of T. selenatis, which was deficient in nitrite reductase activity, also failed to produce detectable Se
0
 upon 
growth in selenate rich medium.  The authors speculated that it was probably a periplasmic nitrite reductase 
that was responsible for selenite reduction.  Selenite reacts readily with thiols following the reactions 
described by Painter (12).  Glutathione (GSH) is the primary reduced thiol in Escherichia coli and it is now 
widely believed that it is the prime candidate for bacterial intracellular selenite reduction.  Bacteria 
belonging to the ,  and  groups of the preotobacteria are all abundant in GSH (13), so the utilisation of 
GSH for the reduction of selenite during selenate respiration would seem plausible.  Selenite reacts readily 
with GSH producing selenodiglutathione (GS-Se-SG).  GS-Se-SG is a good substrate for glutathione 
reductase and is subsequently reduced to form a selenopersulfide of glutathione (GS-Se
-
).  GS-Se
-
 is unstable 
and dismutates into elemental Se (Se
0
) and reduced GSH.  The reaction has been studied for the phototrophic 
-proteobacterium, Rhodospirillum rubrum, where the reduction of selenite by GSH results in the 
accumulation of Se particles in the cytoplasm (13).  Selenite can also be detoxified by methylation, liberating 
volatile selenium compounds dimethylselenide and dimethyldiselenide (14, 15).  Recently the S-adenosyl-L-
methionine (SAM) dependent methyltransferase (TehB) from E. coli, which is involved in tellurite 
resistance, has been shown to be effective in selenium methylation in vitro (16).  It is therefore of interest to 
investigate the mechanisms by which selenite is detoxified in a true selenate respiring organism.  If T. 
selenatis utilises an intracellular reductant to detoxify selenite during selenate respiration, then elemental Se 
would inevitably accumulate within the cell.  Consequently, it is considered likely that an export system is 
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required for the secretion of the Se
0
 deposits in order to sustain the use of selenate as the sole respiratory 
substrate.  The aim of the present work was to resolve the mechanism by which T. selenatis deposits Se 
during selenate respiration and has led to the discovery of a novel Se-nanosphere assembly protein.        
Results 
T. selenatis secretes selenium nanospheres during selenate respiration.  When T. selenatis was grown 
anaerobically using acetate as the carbon substrate and selenate as the sole electron acceptor, growth was 
accompanied by the formation of a red precipitate as the culture entered stationary phase.  Cell samples were 
taken at time points selected to represent mid exponential phase (t1 and t2), late exponential phase (t3 and t4) 
and early (t5) and late (t6) stationary phase (Fig 1A).  Samples were analysed using transmission electron 
microscopy (TEM) (Fig 1B; Fig. S1).   Cells entering late exponential growth phase (t4) appear to start to 
accumulate electron-dense Se particles within the cytoplasmic compartment (Fig 1B).  The particles appear 
spherical and are approximately 150 nm in diameter, with only one Se-particle per cell.  It is also evident that 
cells during this growth phase start to accumulate granules that appear transparent (Fig 1B), typical of those 
normally associated with polyhydroxybutyrate, a product known to form in T. selenatis when growing using 
acetate as the carbon substrate (5).  As the cells enter stationary phase growth (t5 – t6), Se particles are 
observed both inside the cell and in the surrounding medium (Fig. 1B; Fig. S1).  No evidence for cell lysis or 
the accumulation of Se in the periplasmic compartment was obtained.  Furthermore, micrographs did not 
show any evidence of distortion or budding of the outer membrane.  Centrifugation of the culture, to remove 
T. selenatis cells and clumps of selenium deposits, liberated a clear supernatant red in colour, which, when 
analysed by TEM, was shown to contain isolated selenium nanospheres (Fig 1C), uniform electron-dense 
spheres of ~ 150 nm diameter without a surrounding membrane (Fig 1D).             
Secreted protein profile during reduction of selenate and selenite.  The spent growth medium containing 
isolated selenium nanospheres was analysed by SDS-PAGE, to obtain a profile of secreted proteins from T. 
selenatis when grown using selenate as the electron acceptor (Fig. 2A).  A single major protein was observed 
with an apparent molecular mass of ~95 kDa.  In order to investigate whether the ~95 kDa protein was 
secreted in response to selenite, cultures were grown anaerobically using nitrate as the sole electron acceptor 
in the presence of sodium selenite (10 mM) and, again, the ~95 kDa protein was detected (Fig. 2A).  Cultures 
grown under anaerobic conditions, using nitrate as the electron acceptor, in the absence of selenate/selenite, 
produced either very little or failed to secrete detectable levels of the ~95 kDa protein.  The secretion profile 
of the ~95 kDa protein was further investigated from cells grown under aerobic conditions in the 
presence/absence of various oxyanions (Fig. 2B).  When T. selenatis was grown aerobically on LB medium 
alone, or in the presence of nitrate, the ~95 kDa protein was not detected.  Upon the addition of selenate (10 
mM) a faint band was resolved at 95 kDa the amount of which increased when the medium was 
supplemented with 10 mM selenite.  The quantity of protein secreted as a function of time following 
exposure to selenite was also investigated (Fig. 2C).  The amount of the ~95 kDa protein secreted increased 
Page | 5 
 
for 16, 24 and 40 h post-incubation with 10 mM selenite.  To investigate whether or not a threshold level of 
selenite concentration was needed to induce secretion of the ~95 kDa protein, aerobic cultures of T. selenatis 
were supplemented with selenite at increasing concentration (0, 0.01, 0.1, 1, 10 mM) and incubated for 24 h.  
Culture growth was monitored at OD600nm to ensure that the presence of selenite did not have a deleterious 
effect on cell growth.  Red elemental selenium was detected in cultures exposed to > 1mM selenite (Fig. 2D).  
Analysis of the secreted protein profile shows that the ~95 kDa protein is only detectable from cultures 
where the selenite concentration was > 1 mM (Fig. 2D).  ICP analysis detected selenium in purified protein 
samples, giving calculated molar ratios of ~320:1 selenium to protein.   
Characterisation of the ~95 kDa secreted protein.  N-terminal sequencing (Pinnacle Proteomic Facility, 
Newcastle University) and liquid chromatography/tandem mass spectroscopy of tryptic digest fragments 
(obtained from both University of York Proteomics Department and Biosciences, University of Exeter) 
resulted in 124 amino acids of sequence data that was used to identify the gene in the draft assembly of the T. 
selenatis genome (NCBI 53521).  Open reading frame (ORF) prediction was carried out using the EMBOSS 
getorf package (16) and candidate regions were searched via BLAST (BlastX and BlastP) against the non-
redundant database of protein sequences.  A matched ORF was located on contig 179 and its translation 
predicted a protein with a calculated mass of 94532.73 Da (Fig. S2).  Independent N-terminal sequence 
analysis of the mature protein produced a peptide sequence (AITATQRT), which aligns adjacent to the start 
methionine of the target protein identified.  The protein does not possess a leader peptide that is cleaved 
during export from the cell (18-20).  Consequently, translocation to the periplasmic compartment directly via 
a Sec (18) or TAT (19, 20) pathway seems unlikely.  Interestingly, 64.3% of the primary sequence is derived 
from only five amino acids (16.4% Ala; 15.4% Thr; 12% Gly; 10.4% Val; 10.1% Asp).  BLAST searches 
against the NCBI non-redundant database and Swiss-Prot database revealed that there are few statistically 
significant matches to putative and hypothetical proteins in other microbial organisms.  Alignment of SefA 
with a hypothetical protein (NAL21-3002 (839aa)) identified in the genome of Nitrosomonas sp. AL212 
(isolated from laboratory activated sludge (21)) reveals another family member (Fig. S2).   Other results 
indicate that similarity to other proteins is limited only to a region covering amino acids 100-200 from the 
start methionine.  One of these was identified in the genome of Desulfurispirillum indicum strain S5 
(Selin_0231) (22), a known selenate respiring bacterium.  Other hits reveal similarity to S-layer proteins, 
such as SapA from Campylobacter fetus.  Additional Interpro (23) and PFAM (24) scans of the gene 
revealed no significant profile hits. Attempts to elucidate gross structure by Hidden-Markov-Model 
comparison using HHPred (http://toolkit.lmb.uni-muenchen.de/ hhpred) yielded no additional clues as to the 
structure and function of the protein, which we have named Se-factor A (SefA).  The sefA gene sequence has 
been submitted to NCBI GenBank and is available under accession HQ380173.  To determine whether the 
expression of SefA correlated with the secretion profile observed in the presence of increasing selenite (Fig. 
2D), the expression of SefA upon exposure of cells to selenite was evaluated at the mRNA transcription level 
by RT-PCR and northern blotting (Fig. 2D).  Cells grown in the presence of increasing concentrations of 
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selenite were sampled for mRNA in the stationary phase, just prior to the observation of SefA and Se-
nanospheres in the extracellular medium.  End-point RT-PCR detected sefA transcripts in all samples 
however, quantitative northern blot analysis revealed that sefA was up-regulated in cultures supplemented 
with 10 mM selenite.   
Analysis of the sefA loci.  Annotation of the ORF’s adjacent to SefA (Fig. 3A) revealed that upstream are a 
putative CHASE2 extracellular sensory domain/guanylate cyclase and a protein containing a 
tetratricopeptide (TPR) repeat.  Downstream is a putative SAM dependent methyltransferase, a further 
putative peptide and a peptide with a domain of unknown function (DUF).  A search for putative 
transcriptional regulator binding sites upstream of the sefA gene was performed using the Prokaryotic 
Promoter Prediction system (http://bioinformatics.biol.rug.nl/websoftware/ppp/ppp_start.php).  This revealed 
the presence of a putative promoter binding site between positions -87 and -103 relative to the sefA gene start 
site.  FNR is a transcriptional regulator active at low oxygen levels. The motif TGTGATTCCCATCACA 
falls within the FnrBac/PrfA Group motifs (TGTGA-N6-TCACA) classified as Crp/FNR factors by Korner et 
al. (25).  Analysis of the intervening region between sefA and the putative SAM-dependent methyltransferase 
cannot indentify a known transcriptional regulator binding site.  It is thus considered likely that both sefA and 
the gene encoding the putative methyltransferase are in the same operon.  Consequently, we have called the 
methyltransferase SefB.  SefB is a 513 aa protein with a calculated molecular weight of 56.9 kDa. PFAM 
analysis identifies both putative methyltransferase and regulatory domains. A SefB homologue has also been 
located in D. indicum strain S5 (Selin_0233). 
Expression of SefA in E. coli, in vivo localisation and resistance to selenite.  The gene encoding SefA was 
cloned and expressed in E. coli (see SI Materials and Methods, Fig. S3).  Western blot analysis of soluble 
cell fractions and extracellular medium are shown in Fig. 4A.  After 4 h induction, SefA is detected 
predominantly in the soluble cell fraction, but is also detectable in the extracellular medium.  Analysis of the 
medium by SDS-PAGE analysis would indicate that this is not due to cell lysis.  At 19 h after induction the 
amount of SefA detected in both fractions has increased substantially.  In the presence of selenite (10 mM), 
SefA is again detected in both the soluble cell fractions and the extracellular medium at both time points.  
Samples that were not treated with IPTG failed to produce detectable SefA in either fraction.  Further 
analysis of the selenite treated samples by TEM revealed that cells not expressing SefA were shown to 
accumulate Se particles ranging in size from 30 – 50 nm (Fig. 4B).  Cells treated with selenite/IPTG 
accumulated larger particles (~300 nm) in the cytoplasm (Fig. 4C).  No evidence was found for extracellular 
Se nanospheres.  The results show that SefA can be expressed in E. coli and indicate it might be substrate for 
protein export.  The addition of selenite to the culture has no obvious effect on the level of exported SefA, 
suggesting that secretion from E. coli is not conditional upon Se binding.  These data suggest that whilst apo-
SefA can be secreted from E. coli, a specific export system is required for Se-nanosphere secretion.  Analysis 
of E. coli (pET33b-sefA) to selenite resistance, shows that cells in which SefA is expressed are more resistant 
to selenite concentrations up to 25 mM than those cells without SefA (Fig. 4D).   
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In vitro assembly of selenium nanospheres is facilitated by SefA.    rSefA was purified using immobilized 
nickel affinity chromatography and gel filtration (Fig. S3).  Purified rSefA was analysed by SDS-PAGE and 
demonstrated a migration position similar to that of the native protein from T. selenatis (Fig. S3).   The Se 
particles, as secreted by T. selenatis during selenate respiration and once separated by filtration through the 
0.2 M filter, displayed an absorbance peak at 400 nm when analysed by electron absorption spectroscopy.  
Consequently, absorbance at 400 nm was used to monitor the formation of Se particles in vitro from the 
reaction of reduced glutathione (4 mM) with selenite (0.5 mM) in the presence or absence of rSefA.  Using 
molar ratios of glutathione:selenite >4:1 ensured that GS-Se-SG was reduced to GSSeH which readily 
decomposed to Se
0
 (13).  Fig. 4E shows formation of selenium particles as a function of time.  Under these 
conditions, the reaction in the absence of SefA proceeded to give a maximum absorbance of approximately 1 
unit and produced a distinct black precipitate in the reaction cuvette.  In the presence of SefA, the maximum 
absorbance was stabilized at 0.5 units and the particles remained in solution giving the typical red/orange 
colour.  TEM analysis of the particle formation under the reaction conditions are shown in Fig. 4F and 4G.  
The black precipitate observed in the absence of SefA was visible under TEM as vitreous Se deposits (Fig 
4F).  In the presence of SefA distinct Se-nanospheres were observed with sizes ranging from 20-300 nm (Fig 
4G).     
Discussion 
Bacteria that are capable of the respiration of selenium oxyanions have been isolated from a number of 
selenium rich environments (26, 27).   Using selenium oxides as the sole electron acceptor presents the 
organism with the challenge of what to do with the elemental Se product following the subsequent 
reductions.  For some bacteria that catalyse the reduction of selenate to Se
0
, Se deposits have been observed 
to accumulate within the cytoplasmic compartment, whilst in others, they are secreted from the cell (28).  For 
example; Enterobacter cloacae SLD1a-1 (29), R. rubrum (30) and Desulfovibrio desulfuricans (31) have all 
been found to bioreduce selenite to selenium both inside and outside the cell.  E. coli is also able to reduce 
selenite forming deposits both in the periplasmic and cytoplasmic compartments (32).  However, for a 
selenate respirer such as T. selenatis, a build-up of Se in the cytoplasm or periplasm might not be sustainable 
and could lead to necrosis.  Consequently, mechanisms have evolved for the secretion of solid Se
0
 
precipitates.  In the present work, the process by which T. selenatis deposits Se during selenate respiration 
has been investigated.  A novel secreted protein, SefA, has been identified and homologues of known 
function have not been reported previously.  Evidence is presented that SefA facilitates Se-nanosphere 
assembly prior to export from the cell.     
The observation that SefA has no detectable selenite reductase activity would suggest that SefA functions 
only to bind to, or to stabilise, Se
0
.  Since selenate reduction in T. selenatis is periplasmic, the location of the 
selenite reductive pathway remains unclear.  A previous study has suggested that a periplasmic nitrite 
reductase could be responsible for selenite reduction (11), however, selenite reductase activity in periplasmic 
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fractions, using reduced methyl viologen as the electron donor, has not been detected.  Based upon the 
present data it is suggested that selenite reduction occurs in the cytoplasm.  The reduction to Se
0
 could be due 
to interaction with thiols, possibly GSH, since GSH is abundant in both the -proteobacteria (T. selenatis) 
and -proteobacteria (E. coli) (12,13).  GSH is synthesized by sequential actions of -glutamylcysteine 
synthetase (GshA) and glutathione synthetase (GshB), and homologues for both GshA and GshB have been 
identified in the draft T. selenatis genome.  The reaction of selenite with GSH can result in the generation of 
O2
-
, which is detoxified in part by cytochrome c (13).  Interestingly, we have previously identified a c-type 
cytochrome (cytc-Ts7) that is up-regulated during selenate respiration, but is not involved in electron transfer 
to SerABC (10).  It is possible that the function of cytc-Ts7 is to help detoxify any O2
-
 generated.   
The diagram presented in Fig. 5 shows the model for the selenate respiration pathway in T. selenatis.  The 
reduction of selenate draws electrons from the membrane-bound QCR, which concomitantly provides a net 
gain of 2q
+
/2e
-
 of proton electrochemical gradient (10).  Whilst the utilisation of a QCR is unusual for a 
periplasmic molybdoenzyme, the additional 2H
+
 translocated via the link to the Q-cycle could provide the 
driving force for the translocation of selenite across the cytoplasmic membrane.  In this case, energy would 
also need to be conserved by the utilization of an electrogenic primary dehydrogenase.  The exact nature of 
the selenite transporter in T. selenatis is unknown, but in E. coli it has been suggested that selenite crosses 
the cytoplasmic membrane via the sulphate transporter (33).  Once in the cytoplasm, selenite could be 
reduced by GSH (or other reductants) and the resultant Se
0
 binds to SefA forming a nanosphere inside the 
cell.  In addition, it is likely that the putative SAM–dependent methyltransferase (SefB), downstream from 
SefA, might function to generate methyl selenite or other volatile selenium compounds.  The involvement of 
the tellurite resistance SAM-dependent methyltransferase (TehB) has been shown recently to be effective in 
the methylation of both tellurite and selenite (16).  Interestingly, whilst E. coli TehB has been identified as 
responsible for the methylation of tellurite in vitro (16), in vivo assays have not established the production of 
volatile methylated tellurium, yet precipitation of tellurium within cells is clearly seen as black deposits (34).  
The identification of SefA and SefB in the same operon, suggests that in T. selenatis there could be a link 
between both reductive and methylation dependent selenite detoxification.           
How does the Se-nanosphere get out of the cell?  SefA does not have an N-terminal signal sequence for 
targeting to the periplamsic compartment.  Furthermore, analysis of neighbouring genes/proteins on the 
chromosome does not identify any likely TAT substrate candidates that might “carry” SefA to the periplasm.  
The size of the particles is consistent with those seen during outer membrane vesiculation (20 - 250 nm) (4), 
but by TEM we see no evidence of outer membrane distortion or bulging.  Furthermore, outer-membrane 
vesicles contain exclusively material from the periplasm, whereas the Se particles are not associated with 
other periplasmic proteins (such as SerABC) and from the EM images SefA-Se-nanospheres would appear to 
be translocated directly from the cytoplasm.  Analysis of the T. selenatis draft genome assembly using an 
Interpro scan of all ORFs > 50 amino acids revealed the presence of all but Type V secretion systems.  SefA 
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could thus be exported via the T6SS since other proteins secreted by this system also lack an N-terminal 
signal sequence and are not first translocated to the periplasmic compartment.  S-layer proteins (which show 
some sequence similarity to SefA) are typically substrates for the T1SS.  Most notably, T1SS substrates 
share a common distinctive glycine rich repeat (GGXGXDXXX) and contain very few or no cysteine 
residues (35,36), both features of SefA.  These characteristics might explain why SefA was detected in the 
extracellular medium when expressed in E. coli.  However, it would appear that in T. selenatis the SefA-Se 
complex is assembled in the cell and only exported once at an optimum size.  T. selenatis is somehow 
capable of sensing the size of the internal particles and selectively only secretes Se-nanospheres of  ~150 nm 
diameter.  Evidently, E. coli lacks this capability and accumulated much larger Se-SefA particles, suggesting 
that the Se-nanosphere export system is specific to T. selenatis.  The mechanism of how the Se-nanospheres 
as a whole are assembled and secreted across the inner and outer membranes remains unknown.   
The identification of another SefA family member in Nitrosomonas sp. (AL212 NAL212_3002) is 
interesting and deserves comment.  The strain AL212 was isolated from cultures that could grow in up to 
10.7 mM (NH4)SO4, and along with strain JL21 (grew in 3.57 mM) were called the “sensitive” strains (21).  
It had been noted in previous studies that some of the other strains isolated from treatment plants and 
laboratory sludges, once enriched in culture with (NH4)SO4, showed the formation of “particles” in the 
cytoplasm (37), but not in strain JL21.  Curiously, the EM images of strain JL21 (and to a lesser extent 
AL212) reported in Suwa et al. (21) show evidence of extracellular spherical particles reminiscent of those 
created by SefA.  It would seem likely that in this case, these particles could be based upon the chalcogen 
sulphur rather than selenium.                                
Various proteins that bind Se have been reported.  Rhodanese (a sulfur transferase) (38), 
cysteine/selenocysteine lyases (39), SeBP (40) from Methanococcus vannielii and the glycolytic enzyme 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (41) can all bind selenium at a reactive cysteine 
residue.  Analysis of the amino acid sequence of SefA reveals no cysteine residues are present, indicating 
that the Se-SefA interaction is not via a direct thiol ligand.  BSA has also been shown to stabilise nano-Se 
following reduction by GSH.  As BSA is (moderately) soluble in salt solutions it serves well as a carrier for 
molecules of low water solubility.  The non-specific interaction with BSA and Se is thought to stabilise the 
Se-nanosphere by allowing interactions of its functional groups with water and by sterically avoiding Se 
aggregation in aqueous solution (42), thus capping the particle surface.  It would seem likely that, in the 
absence of any thiol ligands, SefA would also function as a capping agent, providing reaction sites for the 
creation of Se-nanospheres and providing a shell to prevent aggregation of the secreted particles.  
The involvement of SefA in Se-nanoshpere assembly might have applications pertinent to nanotechnology.  
In particular, selenium nanoparticles have excellent bioavailability, high biological activity and relatively 
low toxicity.  A number of methods have been developed to generate Se nanoparticles, nano-rods and nano-
wires (43), but most require the use of hydrazine, glycol, surfactant or high temperature.  A number of 
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studies have also taken advantage of biomolecules to generate Se-nanoparticles in vitro.  For example, 
Abdelouas et al. (44) have used reduced cytochrome c to synthesize Se nano-wires at room temperature.  
More recently, Zhang et al. (45) synthesized t-Se nano-wires using -carotene as an in situ soft template.  
Having identified a novel protein that can stabilise Se-nanospheres secreted from T. selenatis, this could, 
through molecular engineering, enable particles to be produced with structural arrangements that are not only 
unique, but have yet also to be reproduced by conventional chemical synthesis.  The extra-cellular secretion 
of such nanoparticles from T. selenatis also has distinct benefits when compared to those bacterial systems 
that display intra-cellular accumulation, and as such the current work could present a new opportunity for the 
synthesis of novel secreted Se-nanomaterials.  
Materials and Methods 
See Supporting Information (SI Materials and Methods) for details of growth of T. selenatis, isolation of 
SefA, identification of the sefA gene, generation of recombinant SefA in E. coli, assays for in vitro selenium 
nanosphere formation, imaging T. selenatis cells and Se-nanospheres by TEM, RT-PCR and northern 
blotting reactions and protocols. 
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FIGURE LEGENDS 
 
Fig. 1. Physiological analysis of Se-nanosphere production.  (A) Growth curve of T. selenatis grown on 
acetate using selenate (10 mM) as the sole electron acceptor (Error bars are SEM; n = 10 cultures).  Time 
points t1-t6 indicate the samples used for EM analysis.  (B) TE Micrographs of time points from (A).  
Micrographs t1 and t2 show mid exponential phase; t3 and t4 show late exponential phase; t5 and t6 show 
stationary phase.  Scale bar = 200 nm.  Selenium deposits are indicated by an arrow.  Poly-β-hydroxybutarate 
granular deposits are indicated by an asterisk.  TE micrographs of purified Se-nanospheres.  (A) Scale bar = 
500 nm. (B) Scale bar = 50 nm.   
Fig. 2.  Protein analysis of Se-nanospheres from T. selenatis.  (A) SDS-PAGE gels stained for secreted 
proteins from T. selenatis grown under anaerobic conditions. Lane 1, Invitrogen SeeBlue Plus2 Prestained 
Standard; lane 2 protein from cells grown on selenate (10 mM); lane 3, protein from cells grown on nitrate 
(10 mM) plus selenite (10 mM); (B) SDS-PAGE gel stained for total protein secreted in the extracellular 
medium from cells grown aerobically under different growth conditions. Lane 1, Invitrogen SeeBlue Plus2 
Prestained Standard; lane 2, control (cells grown in LB medium only); lane 3, LB medium containing 10 mM 
selenite prior to inoculation with T. selenatis; lane 4, cells grown in LB medium supplemented with 10 mM 
selenate; lane 5, cells grown in LB medium supplemented with 10 mM nitrate; and lane 6, cells grown in LB 
medium supplemented with 10 mM selenite. (C) Secreted proteins from T. selenatis grown under aerobic 
conditions on LB medium supplemented with selenite (10 mM) following incubation for 16, 24 and 40 h, 
respectively. (D) Analysis of protein secretion and regulation upon exposure to increasing concentrations of 
selenite. i) observed selenium precipitation in cultures; ii) SDS-PAGE analysis of secreted proteins; iii) and 
iv) end-point RT-PCR of sefA and 16S transcripts; v) northern blot of sefA transcript.   
Fig. 3.  Analysis of the sef operon.  (A) Schematic representation of the sef gene locus.  Putative annotations 
are as follows: CHASE2 extracellular sensory domain and guanylate cyclase (with sec leader peptide in red); 
TPR, tetratricopeptide repeat containing protein; SefA, selenium nanosphere assembly protein; SefB, SAM-
methyltransferase; ? putative peptide; DUF, domain of unknown function.  The (B) nucleotide sequence of 
the promoter region of sefA. (C) nucleotide sequence upstream from sefB.  A putative Shine–Dalgarno (SD) 
sequence and putative FnrBac/PrfA binding motif (TGTGA –N6-TCACA) are located upstream of sefA.  No 
obvious promoter binding sequences are identified between sefA and sefB.  A putative SD sequence upstream 
of sefB is also located.   
Fig. 4.  Expression of SefA in E. coli and in vitro formation of Se-nanospheres. (A) Western blot analysis 
of the localisation of SefA expression in E. coli following exposure to selenite.  Samples (10 g) were 
prepared from cells +/- IPTG and +/- selenite (10 mM).  Lanes (2,4,6) represent extracellular protein; Lanes 
(3,5,7) represent soluble cell extracts.  Samples were analysed at both 4h and 19h post the addition of IPTG 
and selenite.  Lanes 1 and 8 show an 80 kDa marker.  (B) TE micrograph of an E. coli single cell harbouring 
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plasmid pET33b-sefA grown in the presence of selenite (10 mM), but not induced with IPTG.  (C)  TE 
micrograph of an E. coli single cell harbouring plasmid pET33b-sefA grown in the presence of both selenite 
(10 mM) and IPTG.  Three replicate cells are shown in Fig S3. Selenium deposits are indicated by an arrow.  
(D) Growth yield at stationary phase of E. coli cells exposed to increasing selenite concentrations. E. coli 
harbouring plasmid pET33b-sefA in the absence (hashed bars) or presence (solid bars) of IPTG and E. coli 
cells harbouring plasmid pET33b in the presence of IPTG (open bars). Error bars are SEM (n = 3).  ** 
indicates T-test, p < 0.01 compared to the non-recombinant (pET33b) control.  (E) The reaction of GSH (4 
mM) with selenite (0.5 mM), either in the presence () or absence () of purified rSefA (0.5 g), monitored 
at 400 nm.  TE micrographs of the reaction product from (E), in the absence (F) and in the presence (G) of 
SefA. Scale bars are 0.5 m and 200 nm for C and D, respectively. 
Fig. 5.  Schematic diagram showing the proposed pathway of selenium oxyanion reduction and Se-
nanosphere assembly in T. selenatis.  The reduction of selenate draws electrons from the membrane-bound 
QCR, generating a net gain of 2q
+
/2e
-
 of proton electrochemical gradient which could provide the driving 
force for the translocation of selenite across the cytoplasmic membrane.  Once in the cytoplasm, selenite 
reduction occurs and the resultant Se
0
 binds to SefA forming a Se-nanosphere prior to export from the cell.  
Process by which SefA-Se is exported remains unknown.  The identification of a gene (sefB) encoding a 
putative SAM-dependent methyltransferase might also provide a mechanism for selenite detoxification via 
volatilisation to methylated selenides (R-Se-R). OM represents the outer membrane.  IM represents the 
cytoplasmic inner membrane. 
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Supporting Information 
SI Materials and Methods 
Growth of T. selenatis and E. coli.  T. selenatis was cultured anaerobically (at 30°C) on mineral salts medium 
containing yeast extract (0.1%), with either selenate or nitrite (10 mM) as terminal electron acceptors and 
acetate (10 mM) as the electron donor in 1 L batch cultures.  Cultures were also grown under aerobic conditions 
on Luria-Bertani (LB) medium supplemented with selenate, selenite or nitrate (all at 10 mM unless otherwise 
indicated).  All E. coli cultures were grown on LB medium at 37
o
C.   
Isolation of SefA.  Cultures were harvested during late log phase (after 16-18 hours growth) at OD600nm 0.6-0.7 
by centrifugation (25,000 x g, 20 minutes) and the supernatant, containing the Se-nanospheres and extra-cellular 
media, was retained.  The supernatant was passed through a 0.2 m filter, to remove bacterial cells, and 
concentrated using an Amicon ultra centrifugation filtrate unit with a 10 kDa cut off (Millipore). Isolated 
extracellular protein was analysed by SDS-PAGE.  Protein samples were tested for selenite reductase activity as 
described by Ridley et al. (1).  
Identification of the sefA gene.  Isolated SefA was resolved by SDS-PAGE, excised and sent for N-terminal 
sequencing at Pinnacle Proteomic facility, Newcastle University. In addition, gel slices containing SefA were 
sent to Mass Spectrometry facilities at the Universities of Exeter and York. To identify the sefA gene the protein 
sequencing data obtained was blasted against the draft genome sequence of T. selenatis (10) using CLC 
genomics work bench 3 gene prediction software.  
Generation of recombinant SefA.  The coding region of SefA was amplified using forward (5′- 
GTTCATATGGCTATCACTGCG ACTCAACGC-3′, underlined sequence NdeI restriction site) and reverse 
(5′- GGACTCGAG TTAGAACAGGTAGATGTTGCC -3′, underlined sequence XhoI restriction site) primers 
and cloned into pET33b(+) using NdeI and XhoI restriction sites.  Insertion of sefA into pET33b(+) using these 
restriction sites inserted a N terminal 6 X His-tag (His-SefA).  The plasmid was designated pET33b-sefA.  
Cloning of sefA was confirmed by analytical restriction digestion and DNA sequencing. SefA was 
overexpressed in E. coli BL21 CodonPlus (DE3) – RIPL cells and purified by immobilized metal affinity 
chromatography in buffer A (20 mM Tris-HCl pH 8.0, 0.5 M NaCl) and gel filtration.  Extracellular proteins 
were concentrated from 50 ml culture to 1 ml samples using U-Tube 20-30 concentrators (Novagen).  Samples 
were resolved by SDS-PAGE and Western blotting was used to detect His-tagged protein to determine 
localisation.  Immuno-cross-reactive proteins were detected using 1’ monoclonal anti-polyHistidine antibody 
(Sigma) and 2’ anti-mouse IgG (H+L) AP conjugate (Promega).  The samples were detected by the addition of 
Western blue stabilized substrate for alkaline phosphatase (Promega).    
In vitro formation of selenium nanospheres.  Selenium nanoparticle formation assays were performed in 50 
mM Tris-HCl buffer (pH 7.0) supplemented with protein, 4 mM reduced gluthathione and 0.5 mM selenite at 
room temperature in quartz cuvettes (2). The formation of selenium nanospheres was monitored 
spectrometrically at 400 nm. All solutions were sparged with nitrogen before use.  
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Imaging Se-nanospheres by Transmission Electron Microscopy (TEM).  T. selenatis and E. coli cultures 
were centrifuged at 6000 x g for 3 minutes in a 50 ml falcon tube, supernatant removed and a fixative of 2% 
(w/v) paraformaldeyhde, 2,5% (v/v) glutaraldehyde in 0.1M cacodylate buffer pH 7.2 was added.  Fixation time 
was a minimum of 2 hours.  Post fixation was carried out with 1% (v/v) osmium tetroxide in 0.1M cacodylate 
buffer pH 7.2 followed by embedding in 3% (w/v) agarose LM in 0.1M cacodylate buffer pH 7.2.  After cooling 
on ice the plug of agar was removed and cut into 3 mm
2
 pieces, washed, stained with 1% (w/v) uranyl acetate 
for 1 h, washed and dehydrated.  After embedding in TAAB Low Viscosity Resin Hard (TAAB Laboratories 
Equipment Ltd, Berkshire, UK), sections of 80-90 m thickness were cut with a diamond knife and collected on 
carbon-coated Formvar films on 300-mesh copper grids. Sections were stained with uranyl acetate and lead 
citrate before being examined at 80 kV with a Jeol 1400 transmission electron microscope.  For in vitro 
generated selenium particles, droplets of sample were placed on carbon-coated Formvar films on 300 mesh 
copper grids for 1 min, after which excess liquid was withdrawn with filter paper.  Grids were placed on filter 
paper and air-dried.  Specimens examined at 80 kV or 100 kV with a Jeol 1400 transmission electron 
microscope. 
RNA isolation.  For transcriptional studies, bacteria were grown aerobically at 30°C in LB broth supplemented 
with various concentrations of selenite.  Total RNA was extracted from 10 ml of exponentially growing cultures 
(OD600 nm of 1) and 5 ml of stationary phase cultures at 16 hrs after inoculation, respectively, using a hot-phenol 
extraction protocol (3).  In brief, cells were harvested by centrifugation at 4,000 rpm at 4°C for 10 mins.  The 
cell pellet was resuspended in 1 ml of ice-cold resupension buffer (10 mM KCl, 5 mM MgCl2, 10 mM Tris; pH 
7.4) and 0.5 ml each were added to pre-heated tubes containing 0.4 ml of lysis buffer (0.4 M NaCl, 40 mM 
EDTA, 1% 3-mercaptoethanol, 1% sodium dodecyl sulfate, 20 mM Tris; pH 7.4) and 0.2 ml of acid phenol (pH 
4.5; Ambion), using duplicate tubes per sample. The tubes were incubated at 90°C for 5 mins and then chilled 
on ice for 5 mins.  Phase separation was achieved by centrifugation at 13,000 rpm for 2 mins. RNA in the 
supernatant was extracted with two additional phenol-chloroform extraction and precipitated over night at -20°C 
in isopropanol.  The RNA was pelleted by centrifugation, washed with 70% ethanol, air dried for 5 mins at room 
temperature and resuspended in nuclease-free water.  Contaminating DNA was removed by DNase I (Ambion) 
digestion for 45 mins at 37°C,
 
followed by phenol/chloroform extractions, isopropanol precipitation and 
resuspension of the total RNA in nuclease-free water as described above. 
Reverse transcription-PCR (RT-PCR).  For cDNA synthesis, 4 µg of total RNA was mixed with 3
 
µl of 
random primers at 3 μg/μl (Invitrogen) and 1 µl of a dNTP mixture at 10 mM each (Promega). After primer 
annealing at 65°C for 5 mins, a mix of first-strand buffer, DTT, 40 U RNase OUT recombinant RNase inhibitor 
(Invitrogen),
 
and 200 U Superscript III reverse transcriptase (Invitrogen)
 
was added according to the 
manufacturer's recommendations. cDNA
 
synthesis was performed at 50°C for 60 min, followed by
 
heat 
inactivation at 70°C for 15 min. cDNA samples were
 
10x diluted in water and directly used for PCR 
amplification. sefA transcript levels were determined using primers sef-fw 
(CGACTCGAGGGCACCTTCGGTACTGTAAC) and sef-rv 
(CGCTCTAGACGGAGGTCAGCAGATCATTC).
 
 For the adjustment of cDNA amounts, 16S rRNA was used
 
as an internal standard, using primers Ts-16S-RT-1 (GCAGTGAAATGCGTAGAG) and Ts-16S-RT-2 
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(TGTCAAGGGTAGGTAAGG) for the PCR reaction. As a control for DNA contaminations, PCRs were 
performed
 
using total RNA without any reverse transcription reaction. 
Northern Blot.  For northern blotting, 5 μg of total RNA was separated on a 1.5 % formaldehyde agarose gel 
prior to blotting onto a Hybond-N
+
 membrane by capillary transfer.  The sefA transcript was detected by 
hybridizing the membrane with a DIG-labeled DNA probe at 50°C over night.  For amplification of the probe, 
the PCR DIG probe synthesis kit (Roche) was used with primers sef-fw and sef-rv (see above).  The membrane 
was developed using an anti-digoxigenin antibody and CDP-Star substrate (Roche) according to the 
manufacturer’s recommendations.  Chemiluminescent signals were visualized and quantified using a Chemidoc 
XRS system equipped with the QuantityOne software (BioRad). 
References: 
1.  Ridley H, Watts CA, Richardson DJ, Butler CS (2006) Development of a viologen based microtitre plate 
assay for the analysis of oxyanion reductase activity: Application to the membrane bound selenate 
reductase from Enterobacter cloacae SLD1a-1. Anal Biochem 358:289-294 
2.  Kessi J, Hanselmann KW (2004) Similarities between the abiotic reduction of selenite with glutathione and 
the dissimilatory reaction mediated by Rhodospirillum rubrum and Escherichia coli. J Biol Chem 
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SI Figure legends 
Fig. S1.  Transmission electron micrographs of T. selenatis cells grown under selenate respiration conditions 
show the formation of selenium deposits.  Images show cell cohorts to indicate the distribution of typical cells 
shown in Fig. 1.  Micrographs t1 and t2 show mid exponential phase; t3 and t4 show late exponential phase; t5 and 
t6 show stationary phase.  Scale bar = 2 m in each case.  Intracellular Se-deposits are indicated by a vertical 
arrow.  Extracellular Se-deposits are indicated by a horizontal arrow. 
Fig. S2.  Alignment of SefA with a hypothetical protein (NAL212_3002) from Nitrosomonas sp. AL212.  
Residues in red indicate the peptide determined by N-terminal sequencing of the mature peptide secreted from 
T. selenatis.  Residues in green indicate the peptides generated during tryptic digest for MS analysis.  Sequence 
in blue indicates the glycine rich repeat (GGXGXDXXX) associated with T1SS substrates.  Alignment 
performed using ClustalW2.  
Fig. S3.  Expression and purification of SefA from E. coli.  Transmission electron micrographs of E. coli single 
cells harbouring plasmid pET33b-sefA grown in the presence of selenite (10 mM), but not induced with IPTG.  
(upper pannel).  TE micrographs of E. coli single cells harbouring plasmid pET33b-sefA grown in the presence 
of both selenite (10 mM) and IPTG (lower panel).  Three replicate cells are shown.  (B) SDS-PAGE analysis of 
SefA expression in E. coli.  Lane 1, molecular weight markers; lane 2, purified SefA secreted from T. selenatis;  
lane 3, extracellular protein from non-induced cells; lane 4, extracellular protein from induced cells; lane 5 
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soluble cell extracts from non-induced cells; lane 6, soluble cell extracts from induced cells. (C) Purification of 
SefA from E. coli following induction with IPTG. Lane 1, molecular weight marker; lane 2, purified SefA 
secreted from T. selenatis; lane 3, total soluble protein; lane 4, flow through from nickel column; lane 5, wash 
through; lane 6, wash with 20 mM imidazole buffer; lane 7, elution with 250 mM imidazole buffer;  lane 8, 
purified SefA post gel-filtration. 

SefA             MAITATQRTEIVKVVVGLFNAAPGATYLDSFTAYADN------IDGLVNDLVADPAFTA- 53 
NAL212-3002      MAITAEQQTSILEVAIGLFNAAPGKIYMTELANMVDANGGNLSIEQLADFLDDTAVFKDN 60 
                 ***** *:*.*::*.:********  *: .::  .*       *: *.: *   ..*.   
 
SefA             IYPTFLTNEEFADKYID--ALVGDAAATADKDWAKDWLAGLLNAGMSRADAVTLAVTELQ 111 
NAL212-3002      ILVGKVTIEEQASILLNNFGLAADDDPASAGSQAKAFFEGELAAGKGLGEIVIEGINYLN 120 
                 *    :* ** *.  ::  .*..*  .::  . ** :: * * ** . .: *  .:. *: 
 
SefA             AAADNPKWAAAATQFANKVTVAEYYSVDMLGTATDVGVLQGVIADVTATTDVSTPEAIEA 171 
NAL212-3002      GSP-AEEFAATKTLLDNKVLVAKAY--SATGSSQDIALLQTVLSKVTGDAPYTEADVQQA 177 
                 .:.   ::**: * : *** **: *  .  *:: *:.:** *::.**. :  : .:. :* 
 
SefA             VIDATPAGTTGQTFTLTVGVDAVAGTSGNDTITGSYDPINK---LHTLSGLDNIDGGAGT 228 
NAL212-3002      LADSGVPTGSGSGFALIVGEDSLTGTSGDDVFTALAIQDNVGGVVNSLESIDRLDGGTGT 237 
                 : *:  .  :*. *:* ** *:::****:*.:*.     *    :::*..:*.:***:** 
 
SefA             DTLTVTDAAGGNIDFTGVTIKNVEVLNVQAAGALASATPNLTKIAPGLTSATIDVAQGAG 288 
NAL212-3002      DTLTATLIAN-----AAPSLTSVENIIARFGGAVALDLAN----ATGVQSVTVQSSTAAG 288 
                 ****.*  *.     :. ::..** : .: .**:*   .*    *.*: *.*:: : .** 
 
SefA             LTVTAATTTTLNITNDDDVTTVGGGGALVIDADGIVTVGKNAGFAAADANAFTSVSVTQV 348 
NAL212-3002      TVSNIGEAATLGVRNQVQNVTFSGNTATTQNLN--------------------------- 321 
                  . . . ::**.: *: : .*..*. * . : :                            
 
SefA             LASNTKADITDNSGAAGAIGSKLTSVTLDGVGAASTLTGDGITTLSLANSDIAVTVTNTK 408 
NAL212-3002      ---------------------------LDTVGNFTTPT-------------VTVVALDDV 341 
                                            ** **  :* *             ::*.. :   
 
SefA             AHTLGLTVNTLAAGAEVIDDTATAVNVTTTGTTADGENSTVIIDAGKAATITVDGAGDVT 468 
NAL212-3002      ATTLNLSAN------NANVDISSLTQVEELTLAARGINEITHGFGGAATTATITGTGSVE 395 
                 * **.*:.*      :.  * :: .:*     :* * *. .   .* *:* *: *:*.*  
 
SefA             LAAAGADYAALTTFNYTGSGSATADLKGAALLTKVVAGSATGDLNVTVDGAITSVTTGSG 528 
NAL212-3002      FLTP---FTTLETLEATDN---------------------SGGVTAIVDGTAVTVNGGSG 431 
                 : :.   :::* *:: *..                     :*.:.. ***: .:*. *** 
 
SefA             DDTVTIDGTTTTDFDGTLTLGAGSDTVGVASGGVITATAVVDAGDDSD-TLALSIVGVAN 587 
NAL212-3002      NDDITYT--EAMAATAAVALGAGDDTFTITVAAVDGATADGGDGNDALGVVDGALLDAAA 489 
                 :* :*     :    .:::****.**. :: ..*  ***  . *:*:  .:  :::..*  
 
SefA             VGAFKNFENFDVAGLTTNFDQAVLNTKNSVENFIGTDDTGAAITIQNMGAGVGFIVKGDM 647 
NAL212-3002      QTVYTNFETLEIGGGTGTYDMENLPGLVAVT--IGAALTGAAI-IDNAVADTTVTVNAEE 546 
                   .:.***.:::.* * .:*   *    :*   **:  ***** *:*  *.. . *:.:  
 
SefA             DSNGTFGTVTAADVVTLTQATAGALNITVDVDGEEGDGVIETDASFVASNATSLTVTFDN 707 
NAL212-3002      GTDLALG-----QTVDFALATATGTADNVDLTLNALDGNDDSTANGLITVDSFTANAIET 601 
                 .:: ::*     :.* :: *** .   .**:  :  **  :: *. : :  :  : :::. 
 
SefA             QNVDAVANLAEVNLTGTKATTLAIVSGGSEVSNKVDYTGANDGTNDLLTSVTVTGDQALT 767 
NAL212-3002      FTIASNVTVIDPDLANTDYTNTISALIG----DAVQTLNISGNANLEVTALTAADVNKID 657 
                  .: : ..: : :*:.*. *.   .  *    : *:  . ...:*  :*::*.:. : :  
 
SefA             FDYTSGGKTLKLATVDASGQTDGG--LTFSLDDLTATGTVKLGGGDDVISFDTAITTTAA 825 
NAL212-3002      ASTMTGGLTIDASTSGASGVEFVGGAASDTYTGTDGGDTITGNGGGDLITLGAGSVDTLI 717 
                  .  :** *:. :* .***    *   : :  .  . .*:. .**.*:*::.:. . *   
 
SefA             TSSSVVTINGLEKGAEAGLGAQDGFDVLVFSGAVQAADVTGAAATAAGFSVADGAVTWLG 885 
NAL212-3002      LN--AVTDSQLNTDLDG-HDQITGFGIAGQLDVIDLGVLGFTGQQASALANKGGAAIASI 774 
                  .  .** . *:.. :.  .   **.:    ..:: . :  :.  *:.::  .**.     
 
SefA             AGPANIAAAVALLDATLDDDEAVVFDFAGTYYIYGAGASAAGGSGTDLTDDLLVKLAGVT 945 
NAL212-3002      ADGSATSITDFFASGGVDRGVAIGVSGGSTWVVIDANKDGNFTSGDDAVVELATTVGVTL 834 
                 *. :  : :  : .. :* . *: .. ..*: : .*. ..   ** * . :* ..:. .  
 
SefA             DVTGLDVAGAGNIYLF 961 
NAL212-3002      ANFGF----------- 839 
                    *:            
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